Abstract An effective and low-cost method for applying polysilazane-based barrier coating on stainless steel is presented. A SiN (PHPS) precursor has been used for applications of polymeric and ceramic-like coating material. With precursor solution in dibutyl ether, AISI 304 stainless steel substrates were coated by means of a simple dip-coating technique. After pyrolysis stage at 800°C, the efficiency of the PHPS-based coating has been proved, and oxidation tests were done at 900°C in air. By measuring the weight gain, and using analytical techniques as in situ X-Ray Diffraction and Scanning Electron Microscopy, it has been shown that an amorphous silica layer was formed from the initial PHPS-based coating and acts as a protective glass which provides complete separation of the AISI 304 steel surface from the oxidizing environment. This protective silica layer appears to be a very good diffusion barrier by preventing iron-containing oxide formation.
Introduction
Silica coatings are potential candidates for improving the resistance against hightemperature corrosion of metals [1] [2] [3] . Various techniques had been used to prepare silica coatings, such as vacuum deposition [4] , sputtering, chemical vapour deposition (CVD) [5] or sol-gel [6, 7] methods. However, the drawbacks of these techniques, such as high cost (complex and expensive instruments for vacuum deposition, CVD) have limited their application in industry.
In recent years, another alternative, low-cost and feasible route, has garnered interest for generating silica coatings which is mainly based on the use of siliconcontaining precursors like polysiloxanes [8, 9] , polycarbosilanes [10] , polysilazane [11] [12] [13] [14] , because most of the precursors are liquids or solids that can be dissolved in many organic solvents, such as benzene, toluene, xylene, pyridine, … that allow to use more simple processing techniques, e.g. dip or spin coating [15] .
Basically, these pre-ceramic polymers are thermoset materials containing a comparably short chain molecule that has been rearranged into a highly bonded rigid network during subsequent cross-linking process and lose of their organic components to form an amorphous or nanostructured ceramic upon pyrolysis at higher temperature [15] . The pyrolysis stage is called the ''polymer-to-ceramic conversion'' which is the crucial step for the resulting polymer-derived ceramics' structures and properties.
The aim of this work is to develop a polymer-derived ceramic coating on a commercial AISI 304 stainless steel as a barrier to oxidation at high temperature. Perhydropolysilazane (PHPS) provided by the Clariant Company, was used as a preceramic polymer and deposited on the steel substrate using dip-coating method.
In this work, we report the influence of the pyrolysis in air on the investigated films based on PHPS, and on the oxidation protection effect of precursor coating on the AISI 304 steel substrates by the measurements of weight gain, in situ X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM).
Experimental Procedures
The substrate material chosen in the present study is a commercial AISI 304 stainless steel of which the chemical composition is given in Table 1 .
The substrate coupons are obtained from a steel rolled plate with a 2 mm thickness, and are shaped to the dimensions 10 9 20 mm 2 for oxidation tests. A 1.8 mm diameter hole is bored into the coupons to hang the samples during the different experimental steps (dip-coating, pyrolysis treatment and oxidation tests).
The steel specimen surfaces are mechanically polished with SiC paper up to the 800 grade, and then cleaned in ethanol, rinsed with distilled water and finally dried in air.
After this initial preparation, the specimens are immediately coated with PHPS precursor by means of dip-coating. The coated samples are dried in laboratory air for 24 h at room temperature prior to other operations.
The precursor has been provided by Clariant as a dibutyl ether solution of perhydropolysilazane (20 weight % polysilazane NN 120-20, Clariant Corp. Germany). PHPS is produced by ammonolysis of the dichlorosilane, SIH 2 Cl 2 [16] . The PHPS unit structure contains a huge amount of Si-N-H groups ( Fig. 1 ) which can easily react with hydroxyl groups [17] . Actually, under normal conditions, there are adsorbed hydroxyl groups on the surface of the steel substrate before dip-coating. So PHPS reacts with these adsorbed hydroxyl groups [18] to generate metal-O-Si chemical bonds between the steel substrate and the PHPS-based coating which contribute to the coating adhesion.
The as-formed pre-ceramic polymers are generally of low molecular weight which gives a very low ceramic yield upon pyrolysis. Cross-linking of the oligomer precursor compounds into large molecules with highly interlocked backbones is needed to avoid the evaporation of oligomers during pyrolysis [19] . In the present study, a first heat treatment of the as-coated samples is performed at 200°C for 1 h under laboratory air in order to ensure the cross-linking of the coating.
After the cross-linking heat treatment, the coating is pyrolyzed at higher temperature. The pyrolysis temperature has been fixed at 800°C in air, and the pyrolysis duration has been fixed at 1 h.
The isothermal weight gain measurements at 900°C were carried out by thermogravimetry (TGA) using a TG-DTA 92-1600 Setaram microthermobalance during about 90 h in order to follow the oxidation kinetics.
Characterization of the oxide scale was carried out by in situ X-ray diffraction. In situ X-ray diffraction analyses were carried out during the first 24-h oxidation by means of a high-temperature MRI chamber in a Philips X'pert MPD diffractometer. The diffractometer goniometer is equipped with a curved Cu monochromator to cut off the diffracted Cu K a wavelength from all other wavelengths such as iron fluorescence radiation. In situ XRD analysis was performed using Cu K a1 radiation, k = 0.15406 nm. X-ray patterns were registered every hour to follow the evolution of main compounds during the high-temperature oxidation tests. Only the most representative patterns will be presented in our study.
After cooling, the oxide scale surface and cross-section morphologies have been observed in a JEOL 6400 scanning electron microscope (SEM) coupled with a LINK energy-dispersive X-ray spectroscopy (EDXS). The EDXS point analyses were performed with an electron probe focused to a 1 lm spot.
Experimental Results
The efficiency of the PHPS-based coating against isothermal high-temperature oxidation has been tested by the thermogravimetry method in air at 900°C. Figure 2 gives the weight gain curves obtained after 90-h oxidation of PHPS-coated and uncoated AISI 304 steel specimens. The weight gain curve recorded on blank AISI 304 clearly exhibits an initial transient linear regime during the first 20-h oxidation test (''transient'' stage). After 20 h, Fig. 2 reveals that a breakaway oxidation process occurs, and the weight gain after 90-h oxidation is about 2.22 mg/cm 2 . PHPS-coated samples follow a predominant linear regime all along the oxidation test, since chromium diffusion takes place in a silica layer of a constant thickness, and the weight gain after 90-h oxidation is only about 0.10 mg/cm 2 . These experimental results underline the beneficial effect of the PHPS-based coating, which allows to inhibit the initial transient stage and to reduce significantly the weight mass gain registered at the end of the oxidation test by a factor of about 20. At the beginning of the oxidation test, the successive patterns reveal the initial nucleation of Fe 2 O 3 hematite (JCPDS 33-664), together with the other initial detected oxides. Fe 2 O 3 is observed up to the end of the oxidation test, as well as the metallic structure of the stainless steel (c-austenite (ICDD 33-0397)). Figure 4 shows the in situ XRD patterns obtained on the PHPS-coated AISI 304 specimen oxidized during the first 48 h of isothermal treatment. The high relative Fig. 2 Weight gain curves obtained on blank and PHPS-coated 304 stainless steel specimens at 900°C in air intensity of the alloy diffraction peaks during the whole experiment suggests that the PHPS-coated specimen is very slowly oxidized. The initially formed oxides (e.g. Cr 2 O 3 and Mn 1.5 Cr 1.5 O 4 ) were detected all along the oxidation test. By contrast, no iron oxides were detected on coated specimen. In addition, no diffraction peaks correlated to the PHPS-based coating was identified, which assumed the formation of an amorphous silica coating. Figure 5 shows the specimen's surface scale morphologies (SEI images). Blank specimen oxidized during-24 h is covered by a chromia scale and manganese chromite grains (Fig. 5a ). Spalled areas are found on about 50% of the blank specimen surface. The PHPS-based coating induces no scale spallation on the surface (Fig. 5b ). An amorphous silica layer is detected on the top of the steel surface, which is formed from the PHPS-based coating. A significant accumulation of manganese-containing spinel oxides is detected in damaged areas where the initial PHPS-based coating was found to be cracked (Fig. 5b) . The scale cross-section morphologies are presented in Fig. 6 . Blank specimen oxidized during 24 h shows an internal adherent subscale of about 5 lm thick, mainly composed of Cr 2 O 3 chromia and Mn 1.5 Cr 1.5 O 4 manganese chromite. SiO 2 silica is found at the internal interface (Fig. 6a) . On the PHPS-coated AISI 304 steel, no scale spallation is observed on the cross section (Fig. 6b) . The oxide scale is 1 lm thick, mainly composed of an amorphous and continuous silica layer formed from the initial PHPS-based coating. Cr 2 O 3 chromia detected on top of the coating and manganese chromite enrichment is identified in damaged areas where the silica layer was not continuous (Fig. 6b) .
EDS analysis (Fig. 7) of the PHPS-coated AISI 304 steel clearly shows a combined accumulation of Si and O elements on top of the steel, which implies an amorphous silica layer formation from the PHPS-based coating. Chromium element appears to diffuse through this silica layer to form chromia layer on top of the coating. Cr, Mn, O elements-enriched compounds are detected in areas where the silica layer is not continuous, which involves the manganese-containing spinel oxide formation where the initial PHPS-based coating was to be found cracked. (Fig. 3) . Especially at the particular temperature of 900°C, a combination of linear and exponential rate laws is observed. The shape of the mass gain curve versus oxidation time shows a ''breakaway'' after 20 h of the oxidation test (Fig. 2) . This peculiar behaviour could be attributed to the initial and very fast Fe 2 O 3 -hematite growth. Iron diffuses outwards and Fe 2 O 3 is formed at the air/oxide interface. This process induces iron depletion at the scale/steel interface. Then, nickel becomes predominant and voids form at this interface. Void coalescence induces the outer scale spallation observed when the specimen was cooled down to room temperature (Fig. 5a) .
Porous, and not very protective [20] , the hematite formation leads to the initial establishment of a linear oxidation regime, and finally to a re-acceleration of the oxidation kinetics as a breakaway phenomenon occurring from 20 h up to the end of the oxidation test. Several mechanisms leading to oxide scale failure and to the breakaway phenomenon on stainless steel appear in the literature. They are generally classed into three groups: failure by scale volatilization [21] [22] [23] , pure chemical failure [24] , mechanically induced failure [24] . Intentional cracking by sample bending after a first oxidation period led to iron oxide growth along the cracks [25] . Through-scale cracking is therefore a main way to oxide scale failure. This generates diffusion paths for iron and its initial oxidation leads to the hematite formation and to the breakaway phenomenon.
Kinetic results have shown that the PHPS-based coating leads to a lower oxidation rate compared to blank specimen (Fig. 2) . On the PHPS-coated AISI 304 steel, the oxide scale protective character is confirmed by in situ XRD analysis (Fig. 4) and SEM surface analyses (Fig. 5b) , which show the chromia scale formation. It also exhibits the manganese chromite growth from the beginning of the oxidation process at 900°C. No iron-containing oxides are detected by XRD or SEM analyses, and scale spallation has not been observed.
In situ XRD analysis (Fig. 4) also shows that the PHPS-based coating is not crystalline after pyrolysis stage at 800°C and before oxidation test. SEM micrographs (Fig. 5b, 6b) show the formation of a continuous silica layer coming from the initial PHPS-based coating, as confirmed by the element distribution of the PHPS-coated AISI 304 steel after oxidation at 900°C (Fig. 7) . After pyrolysis stage at 800°C for 1 h in air, the initial PHPS-based coating reacts with oxygen leading to an amorphous silica layer [26] at the steel surface which acts as a diffusion barrier for the chemical diffusing species (especially iron and manganese) [27] . This amorphous silica layer acts as a protective glass which provides complete separation of the AISI 304 steel surface from the oxidizing environment. The protective character of the PHPS-based coating is also expressed by the very low oxidation rate (Fig. 2) , and by the high relative intensity of the alloy diffraction peaks observed during the in situ XRD analyses (Fig. 4) which attest of a very low oxide thickness.
On the PHPS-coated AISI 304 steel, the oxide scale protective character is confirmed by in situ XRD analysis (Fig. 4) which proves the efficiency of the PHPS-based coating [26, [28] [29] [30] [31] by totally inhibiting the iron-containing oxide formation. XRD analysis (Fig. 4) also shows the chromia scale formation, and SEM cross-section analyses (Fig. 5b) coupled with EDXS analyses (Fig. 7) attest that this chromia scale grows on top of the initial silica layer coming from the PHPS-based coating. This means that the silica layer acts as a diffusion barrier especially for iron, but not for chromium. XRD analysis (Fig. 4) also exhibits the manganese chromite growth from the beginning of the oxidation process at 900°C. SEM crosssection analyses (Fig. 5b) coupled with EDXS analyses (Fig. 7) show that this manganese-containing spinel oxide is preferentially localized in areas where the initial PHPS-based coating was found to be cracked during cooling after pyrolysis stage at 800°C for 1 h in air.
Conclusions
The commercially available PHPS polysilazane precursor seems to be very suitable to protect alloys as AISI 304 stainless steel from oxidation. The PHPSbased coating can be applied by simple dip and spray techniques. Due to the high oxygen reactivity of the silazanes, direct chemical bonds between the coating and the substrate are formed, leading to good adhesion.
After thermal treatment occurring during the pyrolysis stage at 800°C for 1 h in air, the initial PHPS-based coating reacts with oxygen leading to form an amorphous silica layer at the steel surface which acts as a diffusion barrier for the chemical diffusing species. This amorphous silica layer acts as a protective glass which provides complete separation of the AISI 304 steel surface from the oxidizing environment. This protective silica layer appears to be a very good diffusion barrier especially for iron, but not for chromium. By preventing iron-containing oxide formation, this PHPS-based coating proves its efficiency to protect AISI 304 steel substrates from oxidation at 900°C in air.
